SEPARATION SCIENCE IN CLINICAL CHEMISTRY
Within the clinical chemistry community, electrophoretic separations are traditionally considered to be of low resolving power, nonquantitative and best suited to high molecular weight species, such as proteins. The instrumentation is simple, relatively inexpensive and cheap to run, but even at their best such electrophoretic methods are only semi-quantitative. High-performance liquid chromatography (HPLC), on the other hand, is considered to be precise, useful for small molecular weight species, especially drugs, and reproducible, but requires skilled operators. Capillary electrophoresis (CE) combines many of the advantages of HPLC with, I would argue, many of the most attractive features of electrophoresis with respect to biomolecules.
BACKGROUND TO CAPILLARY ELECTROPHORESIS
Capillary electrophoresis is usually said to date from 1981, when Jorgenson and Lukacs' described spectacular separations of peptides using free zone electrophoresis in glass capillaries of 75 Jlm i.d.; however, due to the limitations of light transmission through glass, fluorescence detection was needed. This capillary format enabled the Joule heating, which occurs in all electrophoretic separations and degrades the resolution by thermal mixing, to be efficiently dissipated. It was thereby possible to use much higher voltages than formerly used (up to 30 kV) for electrophoretic separations and so This article was prepared under the auspices of the Analytical Investigations Standing Committee of the Scientific Committee of the Association of Clinical Biochemists.
Throughout this paper the references given are either the most relevant or the most 'recent' and do not necessarily form a comprehensive review of the very large literature on capillary electrophoresis. Readers requiring information on the capillary electrophoresis datahase on which parts of this article are based should contact the author. shorten the analysis times. Later, glass capillaries were superseded by polyimide-coated silica capillaries which are much more robust in use and, more importantly, transmit ultraviolet light. Figure I shows the basic components of all CE systems.
Today, CE is characterized by its ability to resolve, using a high applied d.c. voltage (field strengths up to 500 V(cm), the components of complex aqueous samples with very high resolution (N > 200000 plates/rn), analysing with analytical precision of less than 10 nL of sample. The electro-osmotic flow (EOF) generated by the silanol groups of the capillary's inner surface gives an efficient and fast plug flow to the electrolyte which contrasts with the parabolic flow found in pumped HPLC columns. To maintain efficiency, detection is nearly always in-line, i.e., across a small window burnt into the polyimide coating of a silica capillary. Due to the significant EOF of the background electrolyte (BGE), which in silica capillaries is up to 3 mm/s, CE can separate cations, anions and uncharged molecules simultaneously. In addition, molecular size is of little consequence so applications range from simple ions and drugs to high molecular weight species such as DNA and even intact cells. The technique has now attracted over 6000 publications, including some 30 books, and has been reviewed too many times to list here. An old but still comprehensive introduction is that of Wallingford and Ewingj? Perrett however, more definitive reviews can be found elsewhere.l?
The present generation of commercial instruments is capable of unattended operation and features autoinjection (using a variety of modes), automatic washing of the capillary, peak integration and calibration, and, on some, spectral analysis in a manner analogous to HPLC. Others are capable of linking with other detectors, e.g., fluorescence, particularly laserinduced fluorescence (LIF), and mass spectrometry (CE-MS). CE has become more widely available; there are now at least 300 systems in the UK but this is small compared with the thousands of HPLC systems. Only four major manufacturers continue to produce systems (Hewlett-Packard, ThermoSeparations, Beckman and Prince Technologies -see Appendix 2 for details).
Today, the term 'capillary electrophoresis' is recognized as the description appropriate for the whole field of separation science based on instrumental methods of electrophoresis being performed in a capillary format. The acronym HPCE, standing for high performance capillary electrophoresis, is not now in common use. The abbreviation CZE stands for capillary zone electrophoresis, in which charged species are separated according to their mobility (speed and direction of movement) in aqueous solution under the influence of an applied d.c. electric field. CZE is the most frequently used separation mode available within CEo A further mode is capillary gel electrophoresis (CGE).6 Since slab gel electrophoresis is established for biomedical analyses, CGE should offer advantages in terms of speed, quantitation and ease of automation. However, the use of replaceable entangled polymers dissolved in the electrolyte rather than fixed gels is now favoured. Other well-known electrophoretic modes that can be performed in capillary format are isoelectric focusing (cIEF)7 and isotachophoresis (cITP). 8 In principle, the above capillary separations do not differ from their more traditional forms. However, with micellar electrokinetic capillary chromatography (MEKC or MECC), CE has a unique separation mode. In MEKC, neutral molecules are separated by their differential partitioning into charged micelles formed from surfactants incorporated into the BGE in excess of their critical micellar concentration.? The micelles themselves are also migrating in the capillary and, in the case of sodium dodecyl sulphate (SDS), the most commonly used Ann cu« Biochem 1999: 36 surfactant, the direction is from the cathode to the anode. MEKC can be viewed as a sub-class ofCE methods that uses additives in the BGE to complex or include analytes. Addition of chiral selectors, such as cyclodextrins, into the BGE permits the ready separation of many classes of chiral molecules.'?
CAPILLARY ELECTROPHORESIS IN PRACTICE Detection
Mass sensitivity, that is, the ability to measure either small molar amounts of sample or sample from very small volumes, is superb. This is most elegantly shown in the work, pioneered by Ewing, II of analysing the cytoplasm of single neurons, and the more recent work of Yeung and colleagues'? on the protein content of individual blood cells.
However, concentration sensitivity in CE is, typically, an order of magnitude lower than that of a standard liquid chromatography (LC) system for the same analyte. This is because the probed volumes are correspondingly lower: for example, UV detection samples across a 25-100/lm capillary in CE, in comparison with a 1em cell in HPLC. However, to counter this loss in sensitivity there are gains from: the lower noise in CE compared with HPLC; CE's much higher separation efficiencies; reduced extracolumn band broadening; and gains from using lower absorption wavelengths. There is much activity in detector design, and various ways to increase the light path in CE have been published.Pi'" Recently, Hewlett-Packard introduced a demountable flowcell with a path of 1 mm, which increases sensitivity lO-fold.
Laser-induced fluorescence detection 15 has been widely investigated and promises concentration limits of detection as low as a singlemolecule for appropriate fluorophores. LIF detectors use collimated laser beams that are easily focused onto capillaries. Three LIF detectors are commercially available. Unfortunately, lasers limit the excitation wavelengths to a small number of visible values and derivatization is usually essential. Clinical chemists and other bioanalysts need UV-excitation to determine the many important classes of compounds with native fluorescence, e.g., catecholamines, indoles and proteins. UV-lasers are very expensive yet little effort has gone in to the manufacture of what, I believe, would be a more useful and versatile, if not quite so sensitive, detector, that is, one based on mercury-doped xenon lamp technology (as in HPLC).
Sample volume
Although CE systems typically use < 10 nL of sample per injection which sounds ideal for paediatric and forensic testing, it is usually necessary to put 10-20 J.lL into the autosampler (usually in an HPLC autoinjector vial). From this, however, it is possible to make dozens, even hundreds, of injections and, in fact, evaporation rather than sample use causes the most problems. We have often made multiple CE analyses from a sample before finally making a single injection onto an HPLC column.
Sample preparation
An advantage of CE is the compatibility of the running electrolyte with charged bioanalytes. This is in contrast to their relative incompatibility towards the organic eluents so often used in LC or the need to derivatize for gas chromatography (GC). Indeed, for some assays in some matrices, no sample preparation at all is required in CEo However, for other analytes, especially those at low concentrations in biological fluids, as much effort may be required to optimize the sample pre-treatment for CE as for LC. This is to avoid effects on migration behaviour and interferences in CE from the high ionic strength and protein-rich matrices, especially in plasma and serum.
Separation of macromolecules
In the late 1980s it was often stated that the separation of DNA and oligonucleotides by CE would prove very difficult whereas the resolution of proteins, which readily separate by traditional electrophoretic means, would be relatively straightforward. The exact opposite has proved to be the case. The difficulty for DNA analyses was envisaged to be the formation and fixing of the gels used in slab formats into a capillary. Although many methods of doing this were published and have been commercialized, a much easier approach is to fill the capillary with a viscous solution of an entangled polymer such as a O' 5% hydroxyethylcellulose dissolved in an appropriate background electrolyte. These polymers, especially in the presence of intercalating agents such as ethidium bromide, give excellent separations of oligonucleotides with the added advantage of on-line quantitation."
However, there are several problems to be overcome before CE can routinely separate all
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proteins. Interactions between proteins and the inner wall of the capillary can degrade resolution and, at worst, lead to total adhesion of some basic proteins to the negatively-charged silanols. Strategies to minimize this binding include using high ionic strength buffers, zwitterionic buffers, covalent bonding to the silanols of hydrophobic groups, and dynamic coating of the capillary wall using solution-phase additives. I7 Using such techniques, very efficient separations of standard solutions of proteins can usually be developed, but transferring such methods to biofluids can be problematic. Nevertheless, sufficient work has been performed to suggest that if such difficulties can be overcome then this might be a natural area for CEo Proteins of similar chargeto-size ratios can be separated using CGE and their molecular weights estimated in the same way as with SDS-polyacrylamide gel electrophoresis (PAGE).
Speed of analysis
Most published separations show very high resolution but most also have relatively long analysis times. A typical electropherogram may only separate a few peaks in 10min. One wonders what is happening to the 100 K of plates being generated when an HPLC column with < 10 K of plates can often perform the same analysis in the same time? Part of the problem is that current instruments are designed to use relatively long capillaries with detection usually at about 75% of the total length, e.g., 60 ern, with the window at 48 cm. CE also usually involves a capillary flush after each run, so long capillaries need more flushing time. This regeneration time can be 30% of the runtime and is equivalent to the regeneration that follows a gradient run in HPLC. Short capillaries reduce both analysis and flushing times but they present design problems such as high voltage arcing and excessive Joule heating. Using high potentials in short narrow capillaries, it is possible to develop very rapid assays using CEo We have used CE for an assay for antipyrine in saliva as a pharmacokinetic or liver function probe. 1M This assay requires no sample preparation and uses a 20 ern capillary with the heat generated by a 30 kV potential being dissipated by holding the capillary at subambient temperatures (l5°C). The complete assay takes less than I min per sample ( approaches to develop other very fast assays for metabolites and drugs.
APPliCATIONS OF CAPILLARY ELECTRO-PHORESIS IN CLINICAL CHEMISTRY
Over 380 publications have addressed clinical chemistry analysis by CE (for reviews see references 19 to 22). There are also many other publications in related areas such as toxicology, forensic science and pharmacology. Tables 1 and  2 summarize these publications. Table I lists those biofluids that have been 'profiled' using CEo Table 2 shows the range of endogenous compounds analysed to date by CEo A large number of assays for drugs using CE have been developed, particularly by pharmaceutical analysts for use with defined preparations. CE is equally able to measure drugs and their metabolites in biofluids. Most of the methods are similar to those developed for HPLC and involve the extraction of the drug from the biofluid followed by assay of the extract. However, the high resolution of CE means that it is often possible to measure drugs and their metabolites in neat urine without any sample preparation. Even more attractive is the use of MEKC to assay some drugs in neat plasma, serum or saliva.!" To date, some 150 different drugs in all the major classes (e.g., antibiotics, P-blockers and analgesics) have been measured in biofluids for toxicological, forensic, pharmacokinetic and phamacogenetic purposes Ann Clin Biochem 1999: 36 as well as for therapeutic drug monitoring. The topic is too large to deal with here and the interested reader should see recent reviews. 2 1 -24 Proteins in plasma and biological fluids Since Tesilius' pioneering work, electrophoresis has been used in clinical chemistry to qualitatively separate proteins. So CE would seem the ideal approach for simplifying and automating this task, with the added benefits of precision and on-line quantitation. Early attempts to separate serum proteins found irreproducible migration times and poor resolution. Later, it was demonstrated that serum could give reproducible separations in unmodified fused-silica capillaries under what are really rather simple conditions." Typically, serum, diluted approximately I :20 with water before analysis, is separated using a borate buffer at about pH 10 ( Fig. 3 ). All groups have detected the resolved proteins on-line at 200-220 nm, which is a distinct advantage over the staining plus densitometry approaches used with slab systems. At 214 nm serum proteins have similar extinction coefficients, unlike their differing staining in electrophoresis bands, and a meaningful per cent composition can be simply obtained. Under such conditions the resolution obtained is only marginally better than that obtained using agarose gel electrophoresis but CZE offers more rapid separation with immediate quantitation.
Additives can improve the separation of plasma proteins with respect to either time or resolution. Dolnik'" used 10 mmol/L methylglucarnine plus 5 mrnol/L lauric acid and 30 kV and separated the five major protein bands in just 3 min. In 100 mmol/L methylglucamine with I()() mmol/L s-aminocaproic acid or 100 mmol/L y-aminobutyric acid (GABA) buffers up to 10 protein zones were resolved but the analysis then took 20 min. The clinical relevance of this 'added' information has yet to be assessed. Jenkins et al. 27 compared the separation obtained using 50 mmol/L borate (pH 9,7) plus I mmol/L calcium lactate with traditional electrophoresis methods for 1000 serum samples and favoured CEo Others 28 -3o have also favourably compared the CE analysis of human serum proteins with high-throughput agarose gel electrophoresis. Reviews of this application have appeared.I'v?
Instrument companies are developing specific clinical/biochemical analysers based on CE, especially those linked to the use of analytical kits. Beckman have introduced a dedicated clinical protein analyser, the Paragon CZE2000. In this system seven serum specimens are analysed simultaneously in parallel capillaries. A robotic arm dilutes the original sample and applies it to a 70-sample wheel from which samples are injected into parallel capillaries and separated at 9 kV. The system is capable of running 40 samples per hour. With a throughput of 300 + samples per day, this somewhat exceeds the needs of most laboratories for serum protein assays! The ability to do a week's work in I or 2 days means that new laboratory practices are necessary. Single sample analysis kits are to be marketed by other CE companies. Strangely, the drive has been to de-sensitize the resolution of the CE method to give a pattern that looks just like the traditional gel separation, rather than show an improvement! It would seem better to evaluate the clinical potential of a higher resolution serum protein method rather than one that mimics the old approach. Immunofixation electrophoresis can also be performed in a CE format. In the Paragon CZE2000 system a patient's serum is automatically diluted and aliquoted into the other six wells on the injector platform, five of which contain antibody-coated Sepharose beads specific for human immunoglobulins (lgG, IgA, IgM, kappa and lambda), with a sixth well acting as reference. Following incubation the specimens are separated in the parallel capillaries and the results compared.
The CE separation of clinically important proteins need not be confined to plasma; Lal et at. 33 resolved the proteins found in saliva.
Ann cu« Biochem 1999: 36 Protein patterns in cerebrospinal fluid have been studied. 34 • 35 UV-absorbing compounds, including proteins in synovial fluid from patients with arthritic disease, have been separated by CE. 36 Recently, methods for plasma lipoproteins by CE have been published;" although most workers" have used cITP for these compounds.
Haemoglobin CE can also perform the quantitation and identification of abnormal haemoglobins in the haemoglobinopathies and thalassaemias, elevated levels of the trace glycosylated haemoglobin (HbA I c) in diabetic patients, and carboxyhaemoglobin levels. The haemoglobinopathies can be characterized as the whole Hb, the intact globin, the peptide map from a tryptic digestion of Hb, and finally sequencing of abnormal tryptic peptides.
Various groups have separated intact Hb by CEo Chen et al. 39 separated the commonest variants within 10 min using CZE at pH 8·6 in a silica capillary at 7·5 kV with detection at 415 nm. However, more recent publicationsv'rf have demonstrated excellent resolution by clEF towards variants such as Hb A, F, D, S, E and A 2 . The systems are simple, rapid and compared well with slab gel IEF and HPLC methods. A method using a similar separation has recently been favourably evaluated for HbAl c . 44 Ferranti et al. 4 5 resolved the II, f3 and y globin chains, from normal subjects and those with a variety of Hb disorders, within 5 min using a pH 2·5 buffer. Law et al. 46 screened 227 samples for globins using a high pH buffer system.
Ferranti et al. 45 and myself and colleagues" have produced tryptic maps of normal and abnormal Hb using a simple electrolyte of phosphate buffer (pH 2,5). The analysis was Perrett complete in less than 20 min compared with the 1-1'5 h required for the commonly used reversed-phase gradient HPLC methods. The CE separation was later improved by including phytic acid in the BGE. 48 As with other tryptic mapping techniques, identification of the CE peaks is difficult in the first instance and CE-MS is again proving to be the best approach.S-'? 
Small ions in clinical samples
The analysis of both cations and anions in biological fluids is receiving increased attention. Although ions are ideal candidates for CZE, the problem is detection but this can be overcome by using indirect detection. Indirect detection uses chromate, phthalate or benzoate as the UVchromophore dissolved in the BGE and the presence of ions is revealed by drops in baseline, i.e., negative peaks. For anions it is necessary to reverse both the applied potential and the EOF by the addition of modifiers such as alkyl ammonium salts [e.g., tetradecyltrimethylammonium bromide (TT AB)]. Known as capillary ion
Profiling of biofluids
The high resolution of CE can be used to replace HPLC methods for the determination of complex metabolite patterns in biofluids. A simple CE method can often generate more information than a complex gradient HPLC run, and in less time. Maybe even more important is that CE can simultaneously separate differing compound groups in the same sample, such as anionic, cationic and neutral species, for example, in determining drugs and their conjugated metabolites. 57 • 58 We have replaced two gradient HPLC runs by a single CE method that can simultaneously determine nucleotides, nucleosides and bases in less than 12 min in order to follow ischaemic changes in tissue biopsies. 59 analysis (CIA), this technique is remarkably fast and can separate some 36 ions in less than 3 min. Wildman et al. 5o applied CIA to urine and showed that chloride, sulphate, nitrate, citrate, phosphate and carbonate could be rapidly determined in diluted normal urine. They suggested that CIA could be useful in the diagnosis of renal stone disease but no followup studies on abnormal urines have appeared. Reid 5 1 investigated the electrophoretic behaviour of some organic anions of biochemical interest. Using CIA, Holrnesf validated the measurement of two ions that have traditionally proved difficult to quantify in urine, i.e., oxalate and citrate.
With the discovery of the importance of nitric oxide in human physiology, much attention has focused on its measurement in clinical samples but this is not readily possible. Many researchers have therefore determined its metabolites, nitrate and nitrite, and several methods are available. Since both ions are UV-absorbing, a particularly attractive approach uses a variant of CIA. In one method.P plasma samples diluted I: 10 with water were electrokinetically injected and separated in a silica capillary at -300 V(em with detection at 225 nm. Sensitivity extended down to a single mmol(L. Unfortunately, the method used a proprietary flow modifier (OFM Anion-BT-Waters) of unknown composition. Using the same additive, others have produced methods for these anions in urine 54 • 55 and plasma. 56 We have used sub-micellar concentrations of other readily available EOF reversal additives, e.g., TT AB and tetradecyltrimethylammonium chloride (TT AC), to obtain equally good separations of nitrate and nitrite as well as nitrosothiols in both plasma and urine ( Fig. 4 ). The savings in sample size, analysis time and improved precision of the overall studies are significant benefits.
Urine
We have used chemometric methods to develop a rapid screening system for a large number of UV-absorbing compounds, including purines, in human urine.P" Using fJ-cyclodextrin-assisted MEKC and relatively non-specific detection (e.g., 195 nm) we can separate some 70 compounds from human urine in 10 min (Fig. 5) .
The method separates some 50% more peaks from the same sample than a complex gradient HPLC method. Other advantages of the method are its speed, low sample requirement, no sample preparation and low reagent costs. The CE method is being used to screen urines samples from patients with potential metabolic diseases. Individual urinary metabolites including hypoxanthine and xanthine in xanthinuria.f phenylalanine in phenylketonuria.f succinyladenosine in adenylosuccinate lyase deficiency.v' 2,8-dihydroxyadenine in adenine phosphoribosyl transferase deficiency'" and orotic acid 65 have been simply measured, using CE, for inborn errors of metabolism screening.
Other classes of compounds in urine, including thiols," peptides'" and steroids.r" have been resolved and profiled by CEo However, a noticeable omission from the current CE repertoire is amino acids. All amino acids can be separated by CZE with indirect detection. Some amino acids, such as tryptophan, can be analysed directly whilst other individual amino Perrett acids have been measured down to atto-and zepto-moles using LIF detection" To date I am unaware of a fully validated method for the measurement of the hydrolysate amino acids by CE, never mind all the physiological amino acids. This may be because with current derivatization reagents, such as o-phthaldialdehyde/thiol, the charged primary amine group of the amino acid is lost, which impairs their electrokinetic separation and means that less efficient MEKC must be used. It is my view that new types of derivatization reagents are required for CE and that a clinically useful separation of amino acids in urine and plasma extracts is definitely needed.
Plasma
Profiling of plasma/serum is more difficult due to the often lower concentrations of analytes and the matrix effects caused by proteins. Protein removal techniques used with HPLC have been employed with CE. 70 We 7 l and others have measured purines (e.g., hypoxanthine and urate) in perchloric-acid-deproteinized paediatric blood samples. The minimal sample volume used in CE permits total analyses on only a finger-prick of blood. For many analytes the simplest deproteination method is ultrafiltration through a 10 kD membrane.??
Immunoassays in capillary formats Antibody-antigen complexes possess different mobilities from their separate constituents and will separate electrophoretically. In addition, irnmunoassays reach their steady state faster in miniaturized formats, so CE would seem a natural mechanism to generate rapid immunoassays with immediate on-line quantitation. A CE immunoassay for insulin was the first to be demonstrated? and others for both endogenous compounds (e.g., growth hormone)" and drugs" (e.g., theophylline and digoxin), have followed. Nearly all have used LIF detection of fluorescent labelled conjugates to gain the necessary sensitivity (see review"), Capillary electrophoresis and clinical molecular biology Entangled polymeric solutions give rapid and efficient separations of polymerase chain reaction (PCR) products with on-line detection. The first reported clinical application was the analysis of DNA restriction fragments and PCR products for the detection of the HIV-l virus in blood in 1991. 76 This approach to AIDS investigation has been continued and improved."? CE has been used to type other Ann Clin Biochem 1999: 36
viruses, e.g., hepatitis C and polio. Righetti and co-workers have used CE linked to PCR for the diagnosis of genetic diseases including cystic fibrosis," Kennedy's disease.I? congenital adrenal hyperplasia'" and Down's syndrome." Similar approaches to detect various mutations in cancer have been used. R2 This topic has recently been reviewed.V Although CE appears a powerful tool in such investigations, most workers have used on-capillary UV detection, which is at or near its limits of sensitivity. Improved detection without resorting to lasers is essential.
Single cell analyses One of the most spectacular areas in which CE makes possible what was previously very difficult is single cell and single molecule analysis. In the cytoplasm of cells, mass and concentration sensitivities are nearly equivalent. There, the concentration of many metabolites is > 1rnmol/L, so if the small pL volume of the cell can be sampled the concentration will be high enough for measurement by CEo Using pointed ( < 20 /lm o.d.) capillaries and micromanipulators the cytoplasm of a single cell can be sampled and its contents analysed directly by CEo Ewing et al." developed this procedure and elegantly applied it to the measurement of serotonin and related neurotransmitters in single neurons using electrochemical detection at a carbon fibre electrode.
Another approach is to draw a few cells, or even a single cell, into the analytical capillary using suction; the cell lyses in the hypotonic BGE and the components are then separated. Yeung's group determined the haemoglobin and carbonic anhydrase in individual erythrocytes using CE with LIF detection.!' Later they determined Hb-Al , in single erythrocytes from diabetic patients.f Indirect fluorescence has allowed them to determine lactate and pyruvate in single erythrocytes by CE. R6 Subsequently, they adapted this single cell technique to other analytes in other cell types, e.g., catecholamines in adrenal chromaffin cells. 87 Gilman and Ewing'" have lysed individual phaeochromocytoma cells in the capillary and separated the resultant mixture of amino acids following derivatization. CE had recently been used to monitor the transport of solutes into single oocytes.t? Typically, all these methods measure just a few attomoles of analyte. Single cell analysis has been reviewed.?" Single cell analysis is raising many questions about analytical homogeneity. For instance, was the selected cell typical of the whole? How many cells should be measured to gauge natural variation? Does homogenizing a number of cells, the usual practice in biochemistry, give a truer answer? Whatever the result of such studies, the techniques being developed could well transfer to clinical chemistry, especially if smaller and smaller samples are to be analysed, e.g., for mapping the distribution of a pharmaceutical agent within a target organ.
Analysts are now chasing an even more difficult goal, namely, single molecule analysis. The homogeneity of single enzyme molecules is now being questioned since many individual forms are separated by CEo Variability of intracellular lactate dehydrogenase isoenzymes in single human erythrocytes has been demonstrated.?' Each molecule's different glycosylation patterns and/or patterns of protein damage probably relate to the age of the cell from whence the enzyme originated."
FUTURE DIRECTIONS FOR CAPILLARY ELECTROPHORESIS Capillary electrophoresis-mass spectrometry
Mass spectrometry, especially when linked to a separation technique, is becoming the dominant new tool in analytical biochemistry and I believe that it will have profound effects on clinical chemistry. There is no doubt that the efficiency of CE, when linked to electrospray and matrixassisted laser desorption ionization techniques, can give very fast and unequivocal qualitative and quantitative information with applications to large biomolecules as well as smaller molecular species. The dramatic changes in MS over the last few years with respect to both performance and price promises to make MS detectors for both CE and LC standard analytical equipment. The topic is growing so fast that it would be out of place to review it here so I point readers to some recent reviews. 93 ,94 
Electrochromatography
The separation science 'hot topic' at the moment is electrochromatography (CEq. Although first suggested in 1974, only now, following the insights gained from CE, has CEC become a workable technique. It combines the separation principles of chromatography, i.e., resolution of analytes by their interaction with a stationary phase but in a capillary format and with the solvent flow driven by electro-osmosis. Microsampling and on-line detection are as in CEo
Since electro-osmosis generates not only a plug flow profile but (unlike HPLC pumps) no backpressure, CEC uses very small « 3 /lm), i.e., very efficient, HPLC stationary phases, packed into capillaries. Such capillaries have large numbers of useable theoretical plates (N), e.g., 100000 plates per 10ern,5,95,96 With such efficiencies it is possible to replace many LC gradient separations with simple CEC systems. All the stationary phases available to HPLC can be employed, giving a wide choice of selectivities. CEC works well with all neutral molecules but a combination of cationic stationary phases and basic drugs gives spectacular efficiencies of > 40 million N/m. 97 The HPLC separation of basic drugs has been well characterized but this CEC work appears to defy our present understanding of chromatographic theory! However, can this new technology find a use in the real world? For chemically defined mixtures it can give excellent separation and is already in use in pharmaceutical quality control. Since it requires minimal amounts of solvent and these are usually readily volatilized solvents, CEC is ideal for linking to MS for the characterization of non-polar compounds, and specific interfaces are already being developed. It is possibly less useful for bioanalysis. However, my group recently published the first paper'" in this area, analysing corticosteroids in urine. The crucial point was that a great deal of attention must be paid to sample clean-up otherwise the CEC capillary is rapidly poisoned.
Nanotechnology
It is significantly easier to reduce the size of electrophoretic separations than the liquid pumping systems. Using capillaries to miniaturize electrophoresis is only the beginning and its further reduction to electrically driven chip technologies is being investigated world-wide. Already, microchip devices have been demonstrated that use electrophoresis to separate species in only a few seconds." Sample introduction, separation and detection technologies have been developed. Groups within the Human Genome Program have investigated ultra-high-speed DNA sequencing using multichannel CE on microchips. Recently, a microfabricated DNA analysis device has been applied to the functional integration of PCR amplification and CE.100 In such devices PCR takes place in a fraction of the time required in a Perrett tube. Of more immediate interest to clinical chemists are the microfabricated devices for performing immunoassays. The first, for cortisol, involved the separation of the end-products by CE,IO\ and a recent publication described a microchip CE immunoassay for theophylline.l'" In the USA venture capital is pouring in to companies aiming to bring such systems to the clinical market place. However, at present, whilst the chips are small, often just microscope slides, the power supplies and detection devices, usually lasers, are not miniaturized, so the whole technology is anything but nanoscale! Future instruments are most likely to use disposable microchips, each dedicated to specific analyte(s), in integrated desktop instruments. It is possible that the following generation of systems will be truly microchip analysers offering specific analyses on a chip within a portable device. The 'clinical chemistry laboratory on a chip' may not be too far away.F'
CONCLUSIONS
It is now 10 years since the first commercial CE systems became available. The market for CE instrumentation is now worth tens of millions of dollars per annum but has probably ceased to grow exceptionally quickly. Fewer manufacturers are now involved in the field, but two (Thermoseparations and Beckman) brought out second generation instruments in 1997. The exponential growth in publications on CE continues. So where does CE go from here within the field of clinical chemistry?
Electrophoresis is still the most appropriate and efficient way to resolve charged molecules both large and small. CE, with its automation, simplicity and rapid method development, should be a natural choice for clinical chemistry separations. Separating macromolecules by CE is particularly attractive, especially if the problems of proteins sticking to the capillary can be overcome. The importance of such methods in clinical chemistry and their potential for high throughputs is being recognized in the commercial development of specific analyser systems. Manufacturers could help development by designing CE systems with very short capillaries in order to give fast assays. The attractions of the small sample volume needed for CE have not yet been exploited in clinical fields such as paediatric drug analyses and forensic determination. There are still problems regarding sensitivity but changes are underway to address these Ann Clin Biochem 1999: 36 deficiencies, especially by linking to MS. For those not presently using CE, it should now be seen as a mature separation technique that complements chromatographic systems, such as HPLC, but will probably not replace them. In fact, the next generation of separation equipment could well be a single, integrated system with the capability of running micro-bore LC, CE and CEC, with the choice of mode being software selectable at the start of assay development. Finally, I believe that there is much potential in CE for clinical chemistry. SL 
